The Cretaceous Dagzhuka ophiolite lies in the middle segment of the Yarlung-Zangbo suture zone, Tibet, and has a well-preserved ophiolitic section including a mantle sequence, cumulate complex, diabase dyke swarm and basaltic lavas. Compared to the primitive mantle, tectonized peridotites in the Dagzhuka ophiolite are depleted in Al, Ca, Ti and high field strength elements, but relatively enriched in large ion lithophile elements (Rb, Ba, Th). They have U-shaped, chondrite-normalized REE patterns suggesting an early stage of depletion by partial melting, followed by enrichment from slab-derived fluids. These features support a model in which the mantle peridotites at Dagzhuka formed in a forearc setting. The diabases and basalts are low-K tholeiites depleted in LREE, with compositions similar to N-MORB. However, these rocks are strongly depleted in Nb and Ta but enriched in Th and Rb, features characteristic of island arc lavas. Thus, the Dagzhuka ophiolite is believed to have formed in a supra-subduction zone environment, possibly a fore-arc basin.
INTRODUCTION
The Yarlung-Zangbo suture zone extends for nearly 1500 km across southern Tibet and marks the boundary between the Indian and Eurasian Plates (Fig. 1 ). There are several subparallel tectonic belts, which from North to South include the Gangdese magmatic arc, a continental margin molasse belt, a fore-arc flysch belt, the YarlungZangbo suture itself, a Triassic flysch belt and a band of shelf sedimentary rocks along the northern margin of the Indian Block. Scattered along the suture zone are several ophiolites, which represent relics of Neotethyan oceanic lithosphere (e.g., Nicolas et al., 1981; Allegre et al., 1984; Girardeau et al., 1985; Wang et al., 1987; Zhou et al., 1996; Hao et al., 1999; Wang et al., 1999) . The Dagzhuka ophiolite lies in the middle segment of the suture zone and represents an extension of the Xigaze ophiolite to the west. The
GEOLOGY OF THE DAGZHUKA OPHIOLITE
The Dagzhuka ophiolite is well exposed along the Yarlung-Zangbo River where it forms a section over 2 km thick (Fig. 2) . Although it consists of stacked tectonic slices (Fig. 2) , the body is little deformed and contains a nearly complete ophiolite section. The rock units, from the base upward, include mantle peridotite, mafic and ultramafic cumulate rocks, diabase dykes, and pillowed and massive lava flows (Fig. 2) . To the south the ophiolite is in fault contact with Triassic flysch deposits and minor Cretaceous mélange. To the north, it is unconformably overlain by the Upper Cretaceous Xigaze Group with a thickness of more than 6000 m. At the contact between the ophiolite and the Xigaze Group there are several meters of radiolian chert (Hao et al., 1999) .
The mantle sequence at Dagzhuka has an outcrop width of 10-12 km and consists of mostly fresh rock with only minor serpentinization along fractures. Clinopyroxene-bearing harzburgite and lherzolite with minor dunite pods are the principal rock types. Most of the rocks have crystalloblastic and euhedral-subhedral granular mosaic textures as a result of high-temperature recrystallization.
The cumulate complex overlies the mantle sequence and consists of 500-600 m layered mafic and ultramafic rocks in which three units can be Tapponnier et al., 1981; Pearce and Deng, 1988; and XZBGM, 1993). recognized. The lower unit is composed dominantly of clinopyroxene-bearing troctolite, which can be distinguished from the mantle peridotite by its well-developed cumulate texture. Near the base of the unit, patches of plagioclase-bearing dunite are locally in contact with the mantle peridotite. The middle unit consists chiefly of layered olivine gabbro, gabbro, and plagioclase-bearing peridotite. The uppermost unit is composed of massive isotropic gabbro and plagiogranite.
A sheeted dyke complex approximately 1000 m wide crops out on the northern side of the ophiolite. The dykes grade upward into pillow lavas with minor sills. In the lower part of the complex dykes intrude plagiogranite, indicating that at least locally they formed later than the cumulate rocks.
The pillowed and massive lavas crop out in a band about 150-200 m wide between the sheeted dykes and the Upper Cretaceous Xigaze Group (Wang et al., 1987) . The lavas are chiefly basalts, with local intercalations of thin-bedded tuffs. A few meters of radiolarian chert occur at the boundary with the Xigaze Group.
ANALYTICAL METHODS
We selected only fresh samples for analyses of major and trace elements (including REE). The sample preparation and analyses were carried out at the Institute of Geochemistry, Chinese Academy of Sciences. Major oxides were measured by traditional wet chemical methods, whereas the trace elements of mafic rocks were analyzed by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) using the techniques of Qi et al. (2000) . Samples were diluted for 1000 times.
Because ultramafic rocks have very low trace element concentrations, we developed a special technique to concentrate REEs in solution with only 100 times dilution. Samples of rock powder (0.25 g) were placed in PTFE crucibles together with 3 ml of HF (38%) and 3 ml of HNO 3 (68%). The crucibles were then placed on a hot plate, and the solution evaporated to dryness to remove silica. One ml of HNO 3 was then added to each crucible and the solution again evaporated to dryness. At this point, 0.5 ml HCl and 10 ml H 2 O were added and the crucibles were again heated. After the sample was completely dissolved, 8 ml of 50% NaOH, previously purified by Fe(OH) 3 coprecipitation, and 1 ml of 2% MgCl 2 solution were added, causing the REEs to coprecipitate with Mg(OH) 2 . The solution was filtered and the precipitate was dissolved in 50% HNO 3 . The resulting solution was then transferred to a 25 ml flask and diluted with water to 25 ml for analysis. Because of low concentration of REE in ultramafic rocks, we have doubly purified all chemical agents for sample preparation and cleaned with much great care the glassware of the instrument. Thus the detection limit is thus much more reduced than the normal samples (Table 1) . Recovery of some REE in a limestone (CAL-S) was nearly 100% (Table 1 ). There are larger analytical discrepancies between our analyses and reference materials, DZE-1 and DZE-2 (ultramafic rocks) (Table  1) . However, the recommended values for these two reference materials were from determination in the 1980's and had large analytical errors (Govindaraju, 1994) .
ANALYTICAL RESULTS

Major oxides
The mantle peridotites are depleted harzburgites with relatively uniform compositions, similar to those in the Troodos, Bay of Islands, and Semail ophiolites (see Coleman, 1977) . They have relatively low Al 2 O 3 (0.09-1.88 wt%) and CaO (0.20-1.60 wt%) and high MgO (37.7 to 42.3 wt%), similar to typical mantle harzburgite (MgO = 39.6-48.4 wt%). Five of the six analysed samples fall in the field of mantle tectonites on AFM and ACM diagrams (Fig. 3) ; the one exception is a dunite (DZ 171) with relatively high TiO 2 (0.12 wt%). All the other samples are very low in TiO 2 (0.01 to 0.03 wt%) ( Table 2 ).
All of the analysed cumulate rocks (two gabbros and five plagioclase-bearing peridotites and troctolites) have relatively high Mg#s [Mg/ (Mg+Fet)] (0.74 and 0.88). In AFM and ACM diagrams (Fig. 3 ) the samples plot in the field of mafic and ultramafic cumulates and show a tholeiitic trend. As expected, the two gabbros have significantly lower .10 wt%) than the other cumulate rocks (22.4-28.7 wt%). All of the cumulate rocks are very low in TiO 2 , ranging from 0.01 to 0.03 wt% in the peridotites and troctolites and from 0.12 to 0.14 wt% in the gabbros ( Table  2) .
The diabases and lavas are basaltic with SiO 2 contents ranging from 47.3 to 53.0 wt% and TiO 2 from 0.55 to 0.99 wt% (with a mean value of 0.82 wt%). All of the samples have relatively high Al 2 O 3 ranging from 16.1 to 19.4 wt%. MgO contents range from 3.20 to 7.50 wt%, and Mg#s vary between 0.44 and 0.61, indicating that these are Govindaraju (1994) 
and are only for references as these data do not yield smooth chondrite-normalized REE patterns. Recommended values of limestone, CAL-S, is from GeoPT-6 (International Proficiency Test for Analytical Geochemistry Laboratories, February 2000).
Rare earth elements (REE)
The mantle peridotites have pronounced Ushaped chondrite-normalized REE patterns with relative depletion of middle rare earth elements (MREE) (Sm to Tb) and enrichment of both light rare earth elements (LREE) and heavy rare earth elements (HREE) (Fig. 4) . (La/Sm) N ratios for the six analysed samples range from 2.56 to 12.7 whereas (Gd/Yb) N ratios range from 0.12 to 0.40.
The seven cumulate rock samples have relatively flat, chondrite-normalized REE patterns with slight depletion of LREE and distinct positive Eu anomalies (δEu ranges from 1.31 to 4.54). Total REEs are generally between 0.1 and 2 times chondrite (Table 2, Fig. 4) . (La/Sm) N and (Ce/ Fig. 3. AFM (a) and ACM (b) diagrams (after Coleman, 1977) Sun (1982) . Sun (1982). Yb) N ratios are less than those of chondrite and primitive mantle.
Fig. 4. Chondrite-normalized REE patterns for the Dagzhuka ophiolite. Chondrite values are from
The diabases and lavas have uniform, flat chondrite-normalized REE patterns with moderate light REE depletion. (La/Sm) N ratios are between 0.39 and 0.61, (La/Yb) N between 0.38 and 0.74, and (Ce/Sm) N between 0.51 and 0.74. All the samples show a weak negative Eu anomaly, with δEu values ranging from 0.87 to 0.97 (Fig.  4, Table 2 ). These REE patterns are similar to those of N-MORB but are also comparable to those of pillow lavas in the Troodos, Semail and Bay of Island ophiolites (Suen et al., 1979; Alabaster et al., 1982; Cameron, 1985; Thy and Moores, 1988; Jenner et al., 1991; Elthon, 1991) .
Trace elements
Relative to the primitive mantle, the peridotites are enriched in Rb, Ba, U, Th, P and other large ion lithophile elements (LILE), but depleted in Ce, Zr, Hf, Sm, Ti, Y, Yb and other high field strength elements (HFSE) (Fig. 5) . The cumulate rocks have somewhat similar trace element compositions, being enriched in Sr, K, Rb, Ba, U, Th and other LILEs, but depleted in Ce, Zr, Hf, Sm, Ti, Y, Yb and other HFSE. The cumulate rocks are less depleted in HFSE than the mantle peridotites but more enriched in LILE.
Diabases and lavas have similar trace element characteristics and the contents of HFSE such as Ce, Zr, Hf, Sm, Y, Yb and Sc are close to those of MORB (Pearce, 1982) . On MORB-normalized spider diagrams the samples are enriched in Rb and Th but depleted in K, Ba, Nb and Ta (Fig. 5) .
DISCUSSION
Ophiolites in the Yarlung-Zangbo suture zone were formed in the Early Cretaceous about 120-130 Ma) (Marcoux et al., 1982; Gopel et al., 1984; Wu, 1984; Wang et al., 1987) , and were nearly contemporaneous with the early plutonic and volcanic rocks of the Gangdese arc (about 110-120 Ma) (XZBGM, 1993) . The Dagzhuka ophiolite is overlain comformably by forearc sedimentary rocks of the Late Cretaceous (Cenomanian) Xigaze Pearce (1982) and Taylor and McLennan (1985) , respectively. Group (XZBGM, 1993; Durr, 1996; Hao et al., 1999) . The Xigaze Group consists of flysch sediments deposited on a continental slope or in the Gangdese forearc basin (Wang et al., 1987; XZBGM, 1993; Durr, 1996; Hao et al., 1999; Wang et al., 1999) . Both subduction-related melange and blueschists occur on the southern side of the mantle peridotite in the lower part of the ophiolite (Wang et al., 1987) .
Fig. 5. MORB and primitive mantle-normalized trace element spider diagrams for the Dagzhuka ophiolite. MORB and primitive mantle normalization values are from
The lithologic section and major oxides of the rocks are similar in some respects to those formed at a mid-ocean ridge, although the section is only half as thick as typical oceanic crust. The small thickness (<600 m) of the cumulate sequence (Girardeau et al., 1985; Wang et al., 1987) suggests a low magma supply and possibly a slow spreading rate (Girardeau et al., 1985; Girardeau and Mercier, 1988; Wang et al., 1987) . On the other hand, the trace element geochemistry and regional geology suggest that the Dagzhuka ophiolite was formed in a suprasubduction zone environment (Figs. 5 and 6) , possibly in the Gangdese fore-arc basin. Spreading in the Gangdese fore-arc in the Early Cretaceous is consistent with coeval back-arc rifting in southern Tibet as documented by Zhang (2000) . Pearce et al. (1984) classified ophiolites as mid-ocean ridge types (MOR-type) and supra-subduction zone types (SSZ-type). According to these authors, SSZ-type ophiolites can form in the upper plate during the early stages of subduction. SSZ-type ophiolites can be developed either in a forearc or back-arc environment, but the presence of boninites in many ophiolites suggests formation in forearc environments. Such ophiolites are characterized by thin crustal sections and by the presence of island-arc and fore-arc lavas.
Mantle peridotites in SSZ-type ophiolites are strongly depleted in HFSE, such as Ti. The mantle peridotites of the Dagzhuka ophiolite are depleted in Al, Ca, REE (especially MREE) and HFSE (Zr, Hf, Ti, Y) but relatively enriched in LILE (Rb, Ba, U, Th). These features suggest formation of the Dagzhuka ophiolite in a SSZ environment. Because the rocks are fresh the LILE enrichment cannot be related to serpentinization and is best explained by metasomatism of the mantle by fluids released from a subducted slab (Gruau et al., 1998) . The distinctive U-shaped chondrite-normalized REE patterns of the peridotites can be explained by a two-stage process: an early stage of depletion due to partial melting, followed by selective enrichment of LILE related to mantle metasomatism (cf., Zhou et al., 2000 Zhou et al., , 2001 . Therefore, it is possible that the mantle peridotites in Dagzhuka formed in a SSZ envi- Pearce and Cann (1973) 
ronment.
Major oxides of the diabases and lavas in Dagzhuka are similar to mafic volcanic rocks in the Troodos, Semail, and Bay of Islands ophiolites, and to N-MORB in the ocean basins (Pearce, 1975; Sun et al., 1979; Alabaster et al., 1982; Cameron, 1985; Thy et al., 1988) , but with somewhat higher Al 2 O 3 . These rocks show marked depletion in Nb and Ta but enrichment in Th and Rb, features considered typical of SSZ environments. On Zr/4-Yb*2-Y, MnO-TiO 2 -P 2 O 5 , Th-Hf/3-Ta, Th-Hf/3-Nb/16, and Th-Zr/117-Nb/16 discrimination diagrams all the diabases and lavas in Dagzhuka plot within the SSZ fields (Figs. 6 and 7) . However, on Ti/100-Zr-Sr/2, Ti/1000-V and Zr/Y-Zr diagrams (Fig. 8) , they plot within the overlapping fields of island-arc basalts and mid-ocean ridge basalts. The Th/Ta and La/Ta ratios of the diabases and basaltic lavas (2.1-5.3 and 15.4-34.4, respectively; Table 2 ), are similar to those of ophiolitic lavas formed in SSZ environment (Th/Ta = 3-5, La/Ta = 30-40) but higher than those of MORB (Th/Ta = 0.75-2, La/Ta = 10-20) (Elthon, 1991; Pearce, 1991) . The REE distribution patterns of the diabases and basaltic lavas are similar to those of the cumulate rocks, implying that they were comagmatic. The pronounced Eu anomalies in the cumulate rocks reflect plagioclase accumulation.
Although we did not identify in this study boninitic rocks in the crustal sequence in Dagzhuka, boninites were reported elsewhere in the Xigaze ophiolite to the west (Wang et al., (b) and (c) Zr/117-Th-Nb/16 diagrams after Wood (1980 Pearce and Norry (1979). 1987). The Luobusa ophiolite to the east contains high-Cr podiform chromite deposits (Zhou et al., 1996) . Small pods of chromitites were also discovered in the mantle sequence of the Dagzhuka ophiolite (Wang et al., 1987) . These high-Cr chromite bodies are indicative of formation from boninitic magmas in a SSZ environment (Zhou et al., 2000 (Zhou et al., , 2001 . Thus, both the mantle peridotites and crustal rocks have compositions suggesting formation in a SSZ environment. We suggest that the Dagzhuka ophiolite was formed in the Gangdese forearc basin that developed in response to subduction of Tethys during the Cretaceous (Fig. 9) . This model contrasts previous mid-oceanic ridge environment of the ophiolite (Girardeau et al., 1985) .
CONCLUSIONS
The principal conclusions are: (1) The Dagzhuka ophiolite has a mantle sequence depleted in Al, Ca, REE (especially MREE), HFSE (Zr, Hf, Ti, Y), but relatively enriched in LILE (Rb, Ba, U, Th), features typical of SSZ-type ophiolites.
(2) The diabases and lavas in the Dagzhuka ophiolite are low-K, high-Al basalts. They have flat, LREE-depleted REE patterns but their LILE distributions differ markedly from MORB. In particular, the rocks are strongly depleted in Nb and Ta, relatively depleted in K and Ba and strongly enriched in Th and Rb, and are typical island-arc lavas.
(3) The Dagzhuka ophiolite formed in a SSZ environment, possibly in a forearc environment in response to subduction of the Tethys during the Early Cretaceous.
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